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Rapid thermal annealing (RTA)
Molecular beam epitaxy (MBE)
LT-PLa b s t r a c t
We report a substantial increase in the quality and photoluminescence (PL) emission efﬁciency of In(AsN)
dilute nitride alloys grown on both p-type InAs and semi-insulting GaAs substrates, in response to rapid
thermal annealing. At 4 K the PL emission efﬁciency increases by 25 times due to a reduction in non-radi-
ative Shockley–Read–Hall recombination originating from elimination of point defects. For annealing
temperatures up to 500 C the activation energy for thermal quenching increases by a factor of three,
with no change in the residual electron concentration and mobility. Temperature dependent PL, together
with X-ray diffraction measurements, reveals an improvement in compositional uniformity. Our results
are signiﬁcant for photonic device applications and particularly for the development of cryogenic mid-
infrared photodiodes, monolithic detectors and focal plane arrays.
 2014 Elsevier B.V. All rights reserved.1. Introduction
InAs1xNx narrow band-gap semiconductors have interesting
physical properties and potential for the development of novel
photonic devices within the technologically important mid-infra-
red (3–5 lm) spectral range [1]. This could enable applications in
gas detection, optical spectroscopy, thermal imaging, and bio-med-
ical diagnostics [2–5]. Both experimental and theoretical studies
have shown that the addition of 1% nitrogen to the InAs host crys-
tal reduces the band-gap energy by 100 meV [6–8]. This band-
gap reduction provides access to longer wavelengths and new fun-
damental physics [9,10], whilst epitaxial growth of In(AsN) on
semi-insulating GaAs enables effective isolation and transparency
for monolithic devices such as light emitters and detector arrays.
However, due to the large lattice mismatch (>7%) between InAs
and GaAs and to the difﬁculty of nitrogen incorporation, defects
are generated that act as traps and recombination centres [11].
Therefore, the photoluminescence (PL) emission efﬁciency
decreases while the carrier concentration increases [12–17]. In this
work we report on the effect of RTA of In(AsN) bulk alloys
investigated by PL spectroscopy, X-ray diffraction, and Hall
measurements. We observed a large increase (25) in PL intensity
at 4 K for In(AsN) grown on both GaAs and InAs substrates.
Shockley–Read–Hall (SRH) recombination dominates low-
temperature PL, hence the observed enhancement in PL emissionefﬁciency can be associated with the removal of point defects or
the re-arrangement of the N atom distribution. Room temperature
PL, residual carrier concentration, and carrier mobility are not sig-
niﬁcantly affected by rapid thermal annealing treatments, at least
up to 500 C.
2. Material and methods
The InAs1-xNx layers were grown in a VG-V80H solid-source
molecular-beam-epitaxy (MBE) reactor using a Vecco UNI-bulb
radio-frequency (RF) plasma nitrogen-source. The detailed growth
and optical properties of In(AsN) layers with N-content from 0.2%
to 1% on semi-insulating (100) GaAs and (001) InAs substrates
have been reported elsewhere [16]. One micrometre thick In(AsN)
epilayers containing 1.3% N were grown at 450 C using an RF
power of 200 W and a nitrogen background of 5  106 mbar over
250 nm GaAs buffers grown on semi-insulating GaAs substrates.
Similarly, 1 lm thick In(AsN) epilayers containing 0.9% N were
grown at 400 C using an RF power of 180 W and a nitrogen
background of 5  106 mbar over 250 nm InAs buffers grown on
p-type InAs substrates. The high crystalline quality of In(AsN) epi-
layers, and GaAs and InAs buffer layers were ascertained by the
observation of clear 2  4 RHEED (reﬂection high-energy electron
diffraction) patterns during growth. RTA was carried out in N2
ambient on 1  1 cm2 In(AsN) samples heated for 30 s at tempera-
ture, Ta, ranging from 400 C to 550 C. Loss of arsenic during
annealing at elevated temperatures was prevented by covering
the samples with a GaAs wafer as a proximity cap. The effects of
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ments performed before and after each annealing step. Samples
were cooled in a variable temperature (4–300 K) continuous ﬂow
He cryostat. Photoluminescence was excited by an Ar + ion laser
(excitation wavelength k=514 nm; maximum power density
P = 20 Wcm2), collected by CaF2 lenses, monochromatized by a
0.3 m Bentham M300 monochromator, and detected by a cooled
(77 K) InSb photodiode coupled with a Stanford Research (SR850)
digital lock-in ampliﬁer. Structural information was obtained by
measuring normal and triple axis rocking curves with a high reso-
lution (Bede QC200) X-ray diffractometer. Hall measurements on
the GaAs based samples were done using samples prepared in
the standard Van der Pauw geometry.
3. Results and discussion
The 4 K PL spectra obtained from the of the as-grown InAs0.987-
N0.013/GaAs and also after RTA treatment at different temperatures
(Ta) are shown in Fig. 1, where the insets give the corresponding
variations in PL intensity and emission peak energy. The emission
peak at 0.34 eV, with a full width at half maximum (FWHM) of
30.7 meV, originates from band–band transitions whose energy is
well accounted for by a band anti-crossing (BAC) model [8]. The
PL band has a long low-energy tail, which is characteristic of
recombination from localized energy states below the conduction
band egde associated with compositional non-uniformity of N inFig. 1. 4 K PL spectra of InAs0.987N0.013/GaAs samples (a) as-grown and RTA at 500 C and
insets show (a) the variation in PL peak intensity and (b) the variation in the PL peak en
Fig. 2. 4 K PL spectra of InAs0.991N0.009/InAs samples (a) as-grown and RTA at 500 C and
insets show (a) the variation in PL peak intensity and (b) the variation in the PL peak enthe alloy. Upon annealing at 500 C, the PL emission intensity
was enhanced by 25 times, the PL peak blue-shifted by 8 meV,
while the FWHM decreased slightly, from 30.7 meV to 30.5 meV.
On further annealing at 550 C, the PL intensity dropped, the PL
peak red-shifted and the FWHM increased by 3.5 meV.
To further compare and validate the PL enhancement effect in
In(AsN)/GaAs, we also simultaneously annealed and characterized
an InAs0.991N0.009 layer grown on an InAs substrate. The corre-
sponding 4 K PL spectra are shown in Fig. 2. (The variations in PL
intensity and emission peak energy with annealing temperature
are shown in the insets). The emission peak obtained at 0.36 eV,
with a FWHM of 25.6 meV, again is consistent with the BAC model
[8]. In this case, the FWHM of the InAs0.991N0.009/InAs sample is
smaller than that of the InAs0.987N0.013/GaAs sample, due to lower
N content and reduced misﬁt dislocation density. Consequently,
the linewidth of the X-ray rocking curve of the InAs0.991N0.009/InAs
sample is narrower than that of the InAs0.987N0.013/GaAs sample.
When the annealing temperature was increased to 500 C, the
emission peak intensity of the PL increased by up to 28 times,
and the PL peak blue-shifted by 16 meV (corresponding to a
0.15% decrease in N composition), while the FWHM monotoni-
cally decreased to 22.6 meV. A further increase in annealing tem-
perature (Ta = 550 C) led to a decrease in the PL intensity and to
an increase in FWHM of 3.5 meV, similar to what was observed
for the InAs0.987N0.013/GaAs sample, (see Fig. 1), but in this case
the PL peak continues to move to higher energy (by 1 meV).(b) as-grown and RTA at different temperatures with peak normalized intensity. The
ergy near the band edge for increasing rapid thermal annealing temperature.
(b) as-grown and RTA at different temperatures with peak normalized intensity. The
ergy near the band edge for increasing rapid thermal annealing temperature.
Fig. 3. (a) The PL peak-energy versus temperature for InAs0.987N0.013/GaAs samples as-grown and RTA at 500 C. Solid lines give the T-dependence of the band-gap energy as
estimated according to an empirical Varshni equation; (b) temperature dependence of the normalized PL emission intensity for as-grown InAs/GaAs and InAs0.987N0.013/GaAs,
and InAs0.987N0.013/GaAs samples annealed Ta = 450 C, 500 C and 550 C (solid lines are guides to the eye).
Table 1
A summary of the parameters extracted from the PL measurements made on the different In(AsN) samples subjected to RTA treatments as described in the text.
Eg at 4 K (meV) FWHM (meV) PL peak intensity (arb. units) a (eV/K) b (K) Activation energy (meV)
InAs0.987N0.013/GaAs as-grown 343.8 30.7 0.04 7.9  105 100.5 10
InAs0.987N0.013/GaAs RTA at 450 C 346.4 30.6 0.58 1.0  104 100.0 25
InAs0.987N0.013/GaAsRTA at 500 C 348.5 30.5 0.99 9.9  105 97.4 30
InAs0.987N0.013/GaAs RTA at 550 C 347.6 34.0 0.27 2.7  104 95.1 20
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energy for the as-grown and 500 C annealed In(AsN)/GaAs sam-
ples. The solid lines are ﬁts of the empirical Varshni formula [18]
to the data,
EgðTÞ ¼ Egð0Þ  aðT
2Þ
ðT þ bÞ ; ð1Þ
where Eg(0) (eV) is the energy gap at T = 0 K, and a and b are related
to the thermal expansion coefﬁcient and the Debye temperature
respectively. At temperatures below 70 K, the PL peak energy devi-
ates from the usual temperature dependence of the band gap and
exhibits an ‘‘S’’ shape behaviour. This is characteristic of recombina-
tion from localized states due to non-uniformity in the nitrogen
composition of the In(AsN) lattice that results in potential ﬂuctua-
tions in the conduction band-edge [16]. The rapid thermal anneal-
ing of as-grown In(AsN) signiﬁcantly improves N uniformity and
largely reduces recombination from such localized states.
The values obtained by ﬁtting Eq. (1) to the data are summa-
rized in Table 1. Above 150 K, the emission energies of both the
as-grown and annealed sample tend to be given by almost the
same Varshni formula.
The temperature dependence of the PL intensity for the as-
grown and annealed samples is shown in Fig. 3(b), while the corre-
sponding activation energies of thermal quenching are listed in
Table 1. For all annealing temperatures, the PL intensity is constant
below 20 K and the PL increases with annealing temperature up to
500 C. The PL emission at low temperature is dominated by non-
radiative recombination due to SRH centres, which are reduced by
thermal annealing. At higher temperature, when carrier thermal
excitation gives rise to transitions from the conduction band con-
tinuum, thermal quenching of PL is controlled by non-radiative
Auger recombination, as usual in narrow gap materials. The mono-
tonic increase in PL emission intensity around 4 K can be attributed
to re-arrangement of N atoms and reduction of native point defects
such as interstitials and vacancies. We have shown in earlierreports [16,19], that the introduction of N in the host crystal gives
rise to lattice disorder due to compositional ﬂuctuations, with an
insurgence of localized states in the conduction band tail. These
states decrease the minority carrier diffusion length toward non
radiative recombination centres, such as threading dislocations
arising due to the mismatch between the epilayer and the sub-
strate. As a consequence, thermal quenching effects can be reduced
by the introduction of about 1% nitrogen into InAs, although at the
expense of a reduction in the overall PL emission intensity. Here,
we intentionally choose In(AsN) with 1% N to conﬁrm this effect
on PL quenching. As shown in Fig. 3(b), as-grown InAs0.987N0.013/
GaAs, with a high density of localized states, see panel (a), exhibits
a reduced thermal quenching compared to that of N-free InAs/
GaAs. This reduction can also be due to a detuning of Auger recom-
bination involving the spin–orbit valence band when the spin–
orbit splitting is greater than the energy gap, as for N  1% [16].
Accordingly, thermal quenching increases when the as-grown
sample is annealed up to 500 C and transitions from localized
states are reduced by a more uniform N distribution. On the other
hand, thermal annealing also reduces deep ﬂuctuations in the con-
duction band, thus increasing the diffusion length of photo-gener-
ated carriers that can more easily reach defects and non-radiative
recombination centres. These two contrasting effects can explain
the decrease in thermal quenching for Ta = 550 C.
Undoped InAs1-xNx (x = 0–2%) layers exhibit electron concentra-
tions n  1017 cm3 due to native donors and thus behave as
degenerate semiconductors, as shown in Fig. 4 where the carrier
concentration and electron mobility of an InAs0.987N0.013/GaAs
sample are shown as a function of annealing temperature. For
annealing temperatures up to 500 C, there is a negligible change
in carrier concentration and mobility, which in the as-grown
sample are equal to 1.4  1017 cm3 and 0.8  104 cm2 V1 s1,
respectively. However, above 500 C carrier concentration
increases while carrier mobility decreases. Clearly, no correlation
can be established between the observed PL enhancement
upon RTA and electron concentration. We note that by comparison
Fig. 4. The variation in residual electron carrier concentration (left axis) and mobility (right axis) for InAs0.987N0.013/GaAs in response to RTA treatments from 450 C to 550 C
in steps of 25 C.
Fig. 5. XRD x–2h rocking curve scan of as-grown (red curve) and post-annealed InAs0.987N0.013/GaAs (black curve). The inset shows the corresponding x-scans. The arrow
points to a shoulder due to compositional disorder in the as-grown material. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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concentration for x > 0, with no change in the electron scattering
time, while for x = 0 it increases the PL efﬁciency by a factor of
three [20,21].
The crystalline quality of the In As0.987N0.013/GaAs samples was
investigated by high resolution X-ray diffraction using the (x scan
andx–2h scan) rocking curves. The normal rocking curve (x-scan)
measures the change in the diffracted beam intensity due to the
change in the incident angle (h), the triple axis rocking curve (x–
2h scan) measures the change in the diffracted beam intensity
due to the change in coupled h–2h. The x–2h rocking curves
obtained from an as-grown and a post-growth annealed sample
are shown in Fig. 5(a). The peak at 0 arc sec corresponds to the
(004) reﬂection from the GaAs substrate, the peak at 8790 arc
sec is indexed as the (004) reﬂection from strain relaxed 1 lm
thick In(AsN). The latter peak has a shoulder on the right hand side,
which indicates non-uniformity in the N content in the direction
perpendicular to the growth plane. The deconvolution of this peak
into two Gaussian peaks (at 8842 arc sec, with FWHM = 459 arcsec, and at 8453 arc sec, with FWHM = 487 arc sec) conﬁrms
the presence of two N compositions in the as-grown sample (the
FWHM of the x-scan is related to the elongation of one plane of
the unit cell in the horizontal direction). After annealing, only
one peak is observed at 8760 arc sec (FWHM = 574 arc sec),
which supports an improvement in composition and crystalline
structure of In(AsN) upon RTA. x-scans in as-grown and post-
annealed InAs0.987N0.013/GaAs are shown in the inset. The FWHM
(1400 arc sec) does not change upon RTA, which conﬁrms that
the RTA does not signiﬁcantly affect the crystal mosaicity, thread-
ing, or screw dislocation density.4. Conclusions
In conclusion, rapid thermal annealing was found to produce a
substantial increase in the photoluminescence emission efﬁciency
of In(AsN) dilute nitride alloys (N < 2%) grown by MBE on both InAs
and GaAs substrates. At 4 K the photoluminescence emission efﬁ-
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Shockley–Read–Hall recombination originating from point defects,
whereas at 300 K the photoluminescence intensity increased only
slightly and Auger recombination dominates. Rapid thermal
annealing produced a small increase of a few meV in the 4 K band
gap, with a negligible change in the photoluminescence linewidth,
conﬁrming that N has not been released from the crystal during
annealing. The activation energy for thermal quenching increased
by a factor of three, with no change in the residual electron concen-
tration or mobility for annealing temperatures up to 500 C. Tem-
perature dependent photoluminescence together with X-ray
diffraction measurements revealed an improvement in composi-
tional uniformity due to the re-distribution of N atoms whereas
the X-ray x scan showed a negligible effect of RTA on threading/
screw dislocation density. Our results show that the dilute material
microstructural quality can be signiﬁcantly improved which is sig-
niﬁcant for photonic device applications and particularly for cryo-
genic mid-infrared photodiodes, since we have demonstrated a
signiﬁcant improvement in material quality on a semi-insulating
GaAs substrate, which is a pre-requisite for the development of
monolithic detectors and focal plane arrays.Conﬂict of interest
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